We compared the influence of caffeine on physiological responses to exercise between boys and men. Fifty-two participants (26 boys and 26 men) participated in a double blind, randomized, double crossover study. Each participant received the caffeinated (5 mg/kg) drink (CAF) and placebo (PL) twice each on 4 separate days. One hour after drink consumption preexercise heart rate (HR) and blood pressure (BP) were measured. Then while the participants rode stationary cycle ergometers at two different exercise intensities, HR, BP, and oxygen consumption (VO 2 ) were measured. Blood pressure was not significantly affected by CAF, although on average it was always higher in boys for diastolic BP (3 mmHg) and systolic BP (3-4 mmHg) and men for diastolic BP (2-3 mmHg) and systolic BP (1-6 mmHg) both at rest and during exercise. HR was significantly (p < .05) lower at rest, 25W and 50W in CAF versus PL in boys, with no change in adults. During exercise, VO 2 and respiratory exchange ratio (RER) were not different in CAF versus PL in either group. In conclusion, metabolism is not affected by a moderate caffeine dose in children or adults. The same dose has a similar effect on BP in both groups. The effect on HR was different, however, with a significant (p < .05) lowering in children in CAF versus PL, with no adult effects.
Caffeine is considered the most widely consumed drug worldwide (12, 26) , with both children and adults consuming substantial amounts on a regular basis (19) . Frary et al. (19) report that 86% of 6-to 11-year-old children and up to 95% of adults consume caffeine. Of interest, it has been suggested that children might be more susceptible than adults to the effects of caffeine (32) .
The effects of caffeine on physiological responses to exercise have been extensively studied in adults. Acute caffeine intake has been reported to increase fat oxidation (1, 13) and endurance performance (1, 9, 13, 14, 24, 34) in adults. Furthermore, caffeine intake has been reported to increase blood pressure (15, 28, 35) and either not change (15, 36) or increase heart rate (5,11) acutely during exercise.
There is limited data that investigates the effects of caffeine in children. Most of the studies that have reported the effects of caffeine in children report behavioral outcomes (3, 7, 10, 17, 29, 37, 38, 39) . Only two studies have combined aerobic exercise with caffeine administration in children. Barta et al. (4) compared obese versus nonobese children after a stepping exercise and reported that 4 mg/kg caffeine altered blood free fatty acid and lactate levels differently between the two groups. Cardiorespiratory effects were not reported.
In a previous study in our laboratory (45) we compared the effects of 5 mg caffeine/kg body mass between 7-to 9-year-old boys and girls at rest and during submaximal exercise. It was found that caffeine significantly increased BP and lowered HR similarly in young boys versus girls but had no effect on metabolism in either. Although we did not test adults, we (45) compared our data with results from adult literature and suggested that BP responses were similar (15, 28, 35) and HR responses were different (1, 5, 11, 13) . From these limited data, with varied methodologies (e.g., amount of caffeine given), it is unknown whether the effects of caffeine differ when comparing children and adults.
Thus, this study was designed to extend this assessment to a direct comparison of our previously reported data on children to adult data collected using the same methodologies and equipment in order to examine possible maturational differences in the effects of caffeine on physiological responses to exercise between adults and children. It was hypothesized that caffeine would cause differing cardiovascular yet similar metabolic effects when comparing children and adults.
Materials and Methods

Participants
Twenty-six healthy 7-to 9-year-old boys and 26 healthy 18-to 29-year-old males voluntarily participated in this study. Informed written consent was provided by each adult participant, the parents of each child, and written assent by each child. To ensure that participants were not involved in organized sports or formal training, an activity questionnaire was obtained from all participants. Furthermore, to ensure that there were no overt signs of pubertal development, the parents of the children answered a series of questions regarding pubertal status (e.g., pubertal or axillary hair and voice deepened). Based on this information the boys are considered prepubertal. A power analysis (41) on pilot data (e.g., BP and HR data) using 98% confidence at the p ≤ .05 level was performed to determine that 26 participants per group were necessary to state statistical significance. The study was approved by the Harding University Institutional Review Board.
Study Design
Six laboratory visits were required of all participants. Consents, assents, and questionnaires were completed and skinfolds were measured for body composition determination during the first visit. Each visit began with the measurement of height and weight followed by preexercise BP and HR. On Visits 1 and 2, following resting measures, an incremental exercise test to exhaustion was performed to determine peak oxygen consumption (VO 2 peak). After preexercise measures on Visits 3-6, one of two placebo trials or one of two caffeine trials was randomly conducted.
Peak Tests
An electronically braked stationary cycle ergometer (Lode Excalilbur, Groningen, Netherlands) was used to determine peak oxygen consumption. For boys the continuous incremental protocol began at 20 watts (W) while pedaling at 70-90 rpm for 2 min, after which the work rate was increased by 15 W increments every 2 min until volitional fatigue. Acceptable peak tests for the boys must meet at least two of the following criteria: (a) failure to maintain pedal rate (e.g., 70-90 rpm), (b) respiratory exchange ratio (RER) of ≥ 1.00, and (c) maximal HR ≥ 95% of aged predicted maximum (e.g., 220-age). For adults the continuous incremental protocol began at 50 W while pedaling at 70-90 rpm for 2 min, after which the work rate was increased by 25 W increments at the start of every 2-min work stage until volitional fatigue. Adult tests were considered acceptable when at least two of the following criteria were achieved: (a) failure to maintain pedal rate (e.g., 70-90 rpm), (b) respiratory exchange ratio (RER) of ≥ 1.10, and (c) maximal HR greater than aged predicted maximum (e.g., 220-age). The two highest consecutive 30-s values for VO 2 peak and RER peak were averaged, and HR peak was the highest 5-s value, each from Visit 1.
Treatment Trials
One hour before exercise testing laboratory personnel delivered a drink to the participants. Once the drink was consumed, normal daily activity was resumed. After the 1-hr wash-in period participants came to the laboratory (see Figure 1) . A 1-hr wash-in period was used because studies indicate that maximal cardiovascular effects (31) and peak plasma caffeine levels (21, 40) occur at this time. Once participants arrived at the laboratory, preexercise BP and HR were measured. Participants then rode the cycle ergometer for two consecutive 8-min stages at 25 W and then 50 W in children, and 50 W and then 60% VO 2 peak in adults. The 60% VO 2 peak work rate in adults was chosen because the 50 W work rate in boys was equal to ~60% of their VO 2 peak. During exercise testing BP was measured every 2 min and VO 2 and HR were monitored continuously. Treatment trials were conducted within a 2-3 week time period and at least 24 hr apart. To control for intraparticipant diurnal variation, each test was conducted within 1-2 hr of the same time of day for each participant. Between groups, diurnal variation was not systematically accounted for, because the time of day for each test for a given participant varied from late morning to late afternoon. During Visit 1 and before each test the children, their parents, and adult participants were informed that there was to be no caffeine consumption, no exercise, and diet was to be as similar as possible the day of each test, and a normal night's rest was to be obtained the previous night. Before each test the participants gave verbal verification that these guidelines were followed.
The Treatment
For children, the placebo drink (PL) consisted of 118 ml of Sprite, 74 ml of cherry syrup, and 30 ml of water. The adult PL consisted of 105 ml of Sprite, 150 ml of cherry syrup, and 45 ml of water. The caffeine drink (CAF) consisted of the placebo with 5 mg/kg body mass of anhydrous caffeine dissolved in solution. An intermediate dose of 5 mg/kg body mass was used with values ranging from 1.6-10 mg/kg (3, 7, 17, 39, 48) reported in children's literature, and 3-13 mg/kg body mass (27, 34) reported in adult literature. Both adult and child taste tests were conducted during pilot testing to ensure that the participants could not differentiate between the placebo and treatment drinks.
Measurements
In boys, relative body fat was estimated from triceps and subscapular skinfold thicknesses using the Slaughter et al. equations (43) . In men, body density was estimated from the biceps, triceps, suprailium, and subscapular skinfolds (16) , and the Siri equation (42) was used to calculate relative body fat. All skinfolds were measured to the nearest millimeter (mm) with Harpenden calipers according to the procedures described by Lohman et al (30) . Measurements were taken in duplicate and averaged. If duplicate measures differed by more than 1.0 mm, a third measurement was taken, and the three measures were averaged. Fat mass was determined by relative body fat (%) × body weight (kg)/100. Fat-free mass (FFM) was determined by body weight (kg) -fat mass.
Blood pressure was measured on the right arm with a semiautomated BPmeasurement device (Colin model STBP-780, Colin Medical Instruments, San Antonio, TX). The participant's upper arm circumference was measured at midbicep (25) to ensure that the appropriate cuff size was used. Three to four preexercise BP measures were taken in the seated position on the cycle ergometer 2-3 min apart over a ~10 min time period. Polar heart rate monitors (Polar Vantage XL, Stamford, CT) were used to measure HR. Preexercise HR values were the average of the lowest four consecutive 5-s values within the minute preceding the start of exercise. Exercise BP was obtained every 2 min (see Figure 1) , with the average BP for the last 2 min of each exercise intensity used in analysis. The average of the last four consecutive 5-s HR values for Minute 7 and 8 were averaged for each exercise intensity.
A TrueMax 2400 Metabolic Measurement System (Parvo Medics, Sandy, UT) was used to collect expired gases during both the maximal and submaximal tests. This system uses a paramagnetic oxygen analyzer and an infrared carbon dioxide analyzer for the determination of oxygen (FEO 2 ) and carbon dioxide (FECO 2 ), respectively. Ventilation (VE) was measured with a heated pneumotach. Before each test the gas analyzers were calibrated with gases of known concentration, and the pneumotach was calibrated daily, as per operating instructions.
Analysis
Test-retest reliability was determined by intraclass correlation (R) calculated from a repeated one-way ANOVA model: (MS b -MS w )/(MS b + MS w ), where MS b is mean square between and MS w is mean square within. Physical characteristic differences between boys and men were assessed by a one-way ANOVA. Trial 1 and 2 values for both CAF and PL were averaged and used in the statistical analysis. To compare the effects of CAF versus PL in children and adults, a 2 (boys versus men) × 2 (CAF versus PL) × 3 (rest, 25W/50W, and 50W/60% VO 2 max) three-way repeated measures ANOVA with multiple comparisons using the Bonferroni adjustment was run. Significance is reported at the p ≤ .05 level unless stated otherwise. The boys' data has been reported in its entirety elsewhere (45) .
Results
Participant physical characteristics are presented in Table 1 . The boys were significantly younger, shorter, and lighter, with a significantly lower preexercise BP and a higher preexercise HR. Furthermore, VO 2 peak (ml · kg -1 · min -1 ) and HR peak (beats/min) were significantly higher and RER peak significantly lower in boys than in men. Table 2 presents the reliability coefficients of submaximal cardiovascular and metabolic variables for boys and men. Reliability was moderate to high for all variables with the exception of RER in boys. Reliability for peak VO 2 in ml · kg -1 · min -1 (R = .91 and .85) and HR (R = .84 and .78) were moderately high in boys and men, respectively. Figure 2 presents the blood pressure data. Although blood pressure was not significantly different in CAF versus PL at rest or exercise, on average it was always higher in both boys for DBP (3 mmHg) and SBP (3-4 mmHg), and men for DBP (2-3 mmHg) and SBP (1-6 mmHg).
Preexercise and exercise HR data are presented in Figure 3 . In boys HR (beats/ min) was significantly lower in CAF than PL at rest and both exercise intensities. Preexercise and exercise HR (beats/min) were the same in CAF and PL in men. Table 3 presents the exercise respiratory and metabolic data. Respiratory values were not affected by CAF in boys. In men ventilation (vE -l/min) and tidal volume (TV -ml/breath) were significantly higher at 50 W in CAF than in PL. RER and VO 2 (l/min) were not different between CAF and PL in boys or men.
Discussion
The results of this investigation provide evidence that 5 mg/kg body mass of caffeine did not alter substrate use (based on RER) or VO 2 (l/min) during dynamic aerobic exercise in young boys or men. Furthermore, BP (mmHg) was not significantly affected in either boys or men at rest or during exercise, although average BP was always higher on CAF than on PL in both groups at all time points. Yet the effect on HR (beats/min) was different between the groups with the boys showing a significant decrease and the men no change in CAF versus PL.
The reliability of BP (R = .66-.76, .45-.93), HR (R = .65-.84, .65-.93), and VO 2 (R = .51-.75, .60-.99) responses to CAF and PL trials demonstrate a moderate degree of reliability in both boys and men, respectively. Similar submaximal cycle exercise reliability coefficients for HR in boys (R = .96-.98) and men (R = .83-.91) and VO 2 (l/min) in boys (R = .97-.99) and men (R = .85-.95) have been reported elsewhere (46) .
To our knowledge no study has systematically investigated the effects of caffeine on submaximal exercise responses using the same methodology in both a group of children and adults. Turley and Gerst (45) administered 5 mg caffeine/kg body mass in 26 boys and 26 girls (7-9 years of age) during submaximal exercise and compared their results to adult literature. From this indirect comparison they (45) report similar BP elevations in the children with adult literature values (35) , yet their significantly lower HR is in contrast with adult studies that report both higher (5,11) and similar HR (1,9,13,28) in CAF versus PL. Turley and Gerst (45) also compared their metabolic data with adult literature values. Their (45) similar RER values in CAF versus PL is in agreement with most adult literature (1, 5, 9, 11) and in contrast with those (13) that show a lower RER in CAF versus PL.
Caution must be taken when comparing caffeine data between different studies because similarities or differences might be a result of methodological differences = oxygen consumption; RER = respiratory exchange ratio; HR = heart rate; SBP = systolic blood; DBP = diastolic blood pressure; VE = ventilation; RR = respiratory rate; TV = tidal volume. (45) . This study is unique in that it provides a direct comparison of child versus adult caffeine effects on submaximal physiological responses to exercise using the same dose of caffeine; the same metabolic, cardiovascular, and ergometric equipment; and at both a similar absolute (50 W) and relative (boys PL-64.0 ± 10.3% and CAF-64.2 ± 11.1% versus men PL-64.1 ± 4.4% and CAF-64.2 ± 4.5% VO 2 peak) exercise intensity in both the child and adult groups. In this study BP was not different in CAF versus PL in either boys or men (see Figure 2) . Although not significantly different, BP was always higher in both groups. Elevated BP in adults during exercise is consistently reported in adult literature (15, 28, 35) . Differing effects of caffeine on HR (see Figure 3 ) between children and adults were found. Heart rate was significantly lower in boys in CAF than in PL at rest and both exercise intensities, yet in adults HR was the same in CAF and PL at rest and both exercise intensities, as has been reported in previous adult studies (1, 9, 13, 28) . The only time HR in adults has been reported to be lower on caffeine is at rest (27, 40, 47, 48) . The reason for the differing HR response is uncertain. It has been speculated (40, 47) that the lower HR with caffeine at rest in adults is baroreflex mediated.
Caffeine had no effect on VO 2 (l/min) or RER in either group (see Table 3 ). Thus, based on RER data this dose of caffeine does not have a "glycogen sparing" effect (33) in either boys or men, as has been reported in other adult studies (1, 5, 8, 9, 11, 14, 22, 23, 24, 36) . Differing RER values have been reported in adult studies (13) . The similar VO 2 values in CAF versus PL has been reported in previous adult literature (1, 6, 8, 9, 13, 23, 24, 36) . Although, higher VO 2 values have been Note. Values listed as mean ± SD. VE = ventilation; RR = respiratory rate; TV = tidal volume; CAF = caffeine; PL = placebo; VO 2 = oxygen consumption; RER = respiratory exchange ratio.
*Significantly different (p < .05) from corresponding placebo trial.
reported in CAF versus PL (5, 11, 28) . Lastly, VE (l/min) was significantly higher in CAF during exercise (see Table 3 ) in men (50 W), which is in agreement with other adult studies (6, 9, 14, 44) . The results of this study must be interpreted in light of the amount of caffeine administered (5 mg/kg body mass, ~163 mg in boys). In the literature, average caffeine intake values for boys range from 18-58 mg/day (2, 18) . It has been suggested, though, that underreporting of intake values is possible (20) , thus the exact amount of caffeine consumed by children is unknown.
In conclusion, 5 mg caffeine/kg body mass causes a similar yet not significant increase in BP in both young boys and men, whereas the effect on HR is different, with a significant decrease in boys and no change in men. This same dose does not alter substrate use (based on RER) or oxygen consumption (VO 2 -l/min) during dynamic aerobic exercise in young boys or adult men.
